La 2 NiMnO 6 has been reported to exhibit a paramagnetic to ferromagnetic transition with a transition temperature of ∼260 K. However, most of its magnetic properties, such as the saturation magnetization and even the transition temperature, appear to vary considerably among different reports. This is possibly because the crystallographic structure as well as the extent of the anti-site disorder (ASD) at the Ni/Mn sites are strongly influence by the choice of synthesis routes. There are diverse reports connecting the extent of ASD to the valencies of Ni and Mn ion, such as, Ni 2+ -Mn 4+ and Ni 3+ -Mn 3+ including suggestions of thermally induced valence transitions. Consequently, these reports arrive at very different conclusions on the mechanism behind magnetic properties of La 2 NiMnO 6 . To address the correlation between ASD and valency, we have carried out a comparative study of two monoclinic La 2 NiMnO 6 polycrystal with different degrees of ASD. Using a combination of x-ray absorption spectroscopy, x-ray magnetic circular dichroism and magnetometry, we conclude that the valency of the transition metal ions, and the transition temperature are insensitive to the extent of ASD. However, we find the magnetic moment decreases strongly with an increasing ASD. We attribute this effect to the introduction of antiferromagnetic interactions in the anti-site disordered regions.
INTRODUCTION
La 2 NiMnO 6 is a ferromagnetic insulating double-perovskite, that has been widely investigated over the last decade 1-11 . La 2 NiMnO 6 can form in two distinct crystallographic forms, a monoclinic P2 1 /n structure or in a rhombohedral R3 structure. The unusual behaviour in magnetic and dielectric properties of this material in nano, thin film, single crystal and polycrystalline phases has attracted attention from many different groups 8, [12] [13] [14] [15] [16] [17] [18] [19] . It is found that the dielectric, magnetic, and the magnetoresistance properties of these compounds are closely coupled. The origin of unusual magnetic and magneto-electric behaviour have been extensively discussed in the literature, and there are many conflicting experimental results with widely varying explanations. As an example of the discrepancies found, we note that the field cooled (FC) and zero field cooled (ZFC) magnetic properties of La 2 NiMnO 6 as a function of temperature differs significantly between different reports [20] [21] [22] [23] [24] . These specific differences can most likely be attributed to different synthesis conditions used in these different works. Further, conflicting point of views have been reported in the literature regarding the valence state of the magnetic ions, Mn and Ni, and the origin of a magnetically ordered state. A ferromagnetic transition with a Curie temperature, T C , of 280 K, was first reported and explained to be due to Ni 3+ -O 2− -Mn 3+ super-exchange interactions by Goodenough et al. 25 . Later, Blasse et al. 26 suggested that the super-exchange interaction in Ni 2+ -O 2− -Mn 4+ causes the ferromagnetic ordering. Since then, there are many reports of favouring one or the other mechanism 20, 21, 23, [27] [28] [29] . Though the valence states of the magnetic cations and the origin of magnetism have been discussed in many reports, the valency of Ni and Mn was only recently clarified in an x-ray absorption spectroscopy (XAS) study by Choudhury et al. 8 .
The origin of ferromagnetism has also been investigated with the help of 55 Mn NMR 30, 31 , neutron diffraction studies 32 and first principle calculations 8, 33 . In ref. 33 , it was furthermore concluded that the origin of ferromagnetism in La 2 NiMnO 6 is super-exchange mediated through the Ni 2+ -O 2− -Mn 4+ interaction. There are also reports about two ferromagnetic transitions in a single system 23,28 -one at a higher temperature (T C ∼ 270 K) and another at a lower temperature (∼ 100 K). The latter was attributed to inhomogeneities in the sample with two phases (Ni 2+ -Mn 4+ and Ni 3+ -Mn 3+ ) having distinctly different electronic properties 20, 23, 28, 29 .
In ref. 8 , the low temperature magnetic transition was identified to be glassy due to the presence of anti-site disorder (ASD) in the system. ASD leads to Ni 2+ -O 2− -Ni 2+ and Mn 4+ -O 2− -Mn 4+ antiferromagnetic interactions resulting in magnetic frustration. Large magnetodielectric coupling 1, 8 was also observed near the room temperature in La 2 NiMnO 6 and was attributed to Ni 2+ and Mn 4+ cation ordering.
Based on the above mentioned literature, it becomes evident that ASD plays a major role in the magnetic, dielectric and magneto-dielectric properties. Thus, the understanding of ASD and the nature of magnetic interactions in ASD phase is important. The ASD has been suggested to give rise to antiferromagnetic interactions 8 , but there is no conclusive experimental verification so far.
Ordered and disordered La 2 NiMnO 6 thin films were studied by Singh et al. , but their disordered sample exhibited a strongly lowered T C compared to other studies 23 . The present study is aimed at eliminating all uncertainties regarding the role of ASD and valency of magnetic cations. This has been achieved by XAS, XMCD and magnetometery experiments performed on two monoclinic La 2 NiMnO 6 samples, but with a large difference in ASD.
EXPERIMENTAL METHOD
La 2 NiMnO 6 has been synthesized in its pure monoclinic phase using a sol-gel method, similar to Ref. 28 for 12 hours to remove moisture from the precursor. Ethylene glycol and citric acid were added to the solution for chelation and gel formation, which ensured the completion of the reaction. The resulting solution was then heated at 170°C to evaporate the solvents completely, giving a dark brown powder, which was subsequently heated at 450°C for 6 hours. The obtained powder was again heated at 1350°C in a flow of argon for 6 hours. Two different approaches were followed to cool the sample from this highest temperature in order to influence the extent of ordering between Mn and Ni sites by kinetically controlling the Mn/Ni ASD formation. In one case, the temperature of the sample was brought down in a controlled manner with a slow cooling rate of 1°C/min. For the other sample, the furnace power supply was switched off to initiate the rapid cooling; average cooling rates in this case were ∼ 14°C/min down to 1000°C, 6°C/min till 700°C, and 3°C/min till 300°C. Our intention was to achieve a highly ordered sample with a slow cooling protocol and a considerably disordered sample with a rapid cooling. It is curious to note that exactly the opposite was achieved in reality, with first sample being disordered and the second ordered, as shall be shown later in the result section.
Crystal structure of the two La 2 NiMnO 6 samples were determined using powder X-ray diffrac-tion (XRD) measurements with a Panalytical Philips diffractometer using Cu-K α radiation (λ = 1.54056 Å). Rietveld refinements were performed to estimate structural parameters using the FULLPROF suite 34 . Field-cooled (FC) and zero field-cooled (ZFC) dc magnetization measurements were performed in the temperature range of 10 to 350 K in an applied field of 100 Oe using a Quantum Design SQUID magnetometer.
In order to characterise the valency of the transition metal cations, XAS measurements at the La M 4,5 , Ni L 2,3 and Mn L 2,3 edges were performed at the I1011 beamline at MAX-lab, Sweden 35 .
X-ray absorption spectra were recorded in the total electron yield (TEY) mode by recording the sample drain current as a function of the photon energy. The base pressure of the chamber was maintained at around 7×10 −9 mbar. Sample surfaces were prepared by in-situ scraping of the samples with a diamond file prior to the XAS measurement. X-ray magnetic circular dichroism (XMCD) spectra were recorded at the 4-ID-C beamline, Advanced Photon Source (APS), ANL, USA. Each spectrum was simultaneously recorded in the more surface sensitive TEY mode and the more bulk-sensitive total fluorescence yield (TFY) mode, while applying a 5 kOe magnetic field and at a temperature of 150 K. All spectra were normalized by the photon flux.
RESULTS AND DISCUSSIONS
In Fig. 1 ASD from the saturation magnetizations, discussed later, is only about 7%. These considerations explain why Rietveld analysis is not sufficiently sensitive to probe the extent of such ASD in this system and consequently, has never been used for this purpose. The cell parameters obtained from the Rietveld analysis are given in Table I level of disorder on the valence states of these ions was not investigated in this earlier report. This is particularly significant in view of claim of correlation between valence state and the extent of disorder in the reported literature. Among the measurement techniques available for determining the valence state of a particular species, XAS is a very sensitive and direct method for this purpose.
In soft X-ray absorption spectroscopy, the transition from 2p 6 3d n initial state to 2p 5 3d n+1 configuration in the final state provides an extremely sensitive local probe, ideal to study the valence 36 , and spin 37,38 character in initial states and crystal field environment of the system. The dc magnetic susceptibility measurements at a field of 100 Oe and the inverse susceptibilities derived from these are shown in fig. 5 (a)-(d) for both samples. The ferromagnetic transition temperature (T C ∼ 266 K) remains unchanged for both samples, suggesting that the strength of the primary interaction, responsible for the long-range magnetic ordering is insensitive to the extent of disorder. This is in accordance with the finding that the XAS measurements indicate that both sample contain Mn 4+ and Ni 2+ ions only, but is in contrast to most of the previous reports on this system 20, 23, 28, 29 . This is strongly reminiscent of the case of Sr 2 FeMoO 6 , where also it has been shown 41 that samples with a very high degree of disorder exhibit magnetic transition temperatures almost identical to those of highly ordered samples, though the saturation magnetization can differ by as much as a factor of 4. The anomaly present at low temperatures (below 150 K) in both samples has been attributed to spin glass type behaviour 8 .
In the paramagnetic region, the magnetic susceptibility of the sample exhibits a Curie-Weiss behaviour with the paramagnetic susceptibility (χ = M H ) given by:
where C is the Curie constant, and θ is the Curie-Weiss temperature. The Curie constant, C, in the above equation is related to effective paramagnetic moment, µ eff , by
where, k B is the Boltzmann constant, µ B is Bohr Magneton and N is the number of magnetic atoms per unit volume 1, 42, 43 . The inverse susceptibility, being proportional to (T -θ ), appears as a straight line, when plotted as a function of the temperature, as shown in fig. 5 (c) and (d).
The obtained Curie-Weiss temperature (θ ), Curie constant (C) and effective magnetic moment (µ eff ), extracted from these data, via a least-squared-error fitting approach, are given in Table II for both compounds. As expected for a ferromagnet, we find positive Curie-Weiss temperature (θ ) values for both ordered and disordered La 2 NiMnO 6 samples. Almost identical values of θ for the two samples suggest that the ferromagnetic interaction, between Ni 2+ and Mn 4+ sites, or in other words, the superexchange interaction between these sites is not affected by the presence of even extensive disorder, though evidently there is a strong reduction in the effective paramagnetic The XAS data discussed above already establishes that the Mn and Ni valencies do not change with disorder, thereby providing a basis to understand the constancy of θ and the magnetic ordering temperature, T C , but those results do not provide any insight into why the effective paramagnetic moment (table II) and the saturation magnetization ( fig. 4 ) drop so significantly with increasing disorder. We have already suggested that these reductions in the magnetic moment with an increasing ASD density is most likely to arise from the antiparallel orientation of the pair of Ni 2+ and Mn 4+ ions involved in this defect formation with respect to the ferromagnetically coupled magnetic moment of the ordered lattice, leading to a reduction of 10 µ B for each ASD pair formed. This would imply a simultaneous reduction of the average magnetic moments of both Mn 4+ and Ni 2+ sublattices to the total moment, which is measured by the saturation magnetization ( fig. 4 ).
To address this question, the element specific magnetic measurement , XMCD, was performed.
The measured XMCD at the Mn and Ni L 2,3 edges in the TEY mode, relatively less influenced by self-absorption effects, was measured at 150 K in a magnetic field of 50 kOe, as shown for both in both samples [44] [45] [46] . It is seen that the intensity of both Mn and Ni XMCD signals for the ordered sample is larger than those of the disordered La 2 NiMnO 6 sample, which corroborates the results from dc magnetic measurements.
It is known that XMCD signal can be quantitatively analyzed using well-known sum-rules 47 to provide estimates of site-specific magnetic moments. While such an analysis of results in 
